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raWORD

The work described in this report was conducted by the Aeroelasticity
Section, Engineering Mechanics Department, Southwest Research Institute,
San Antonio, Texas under United States Air Force Contract AF 33(038)-18404
and Research and Development No. 459-36M, OWind Tunnel Tests on T-Tail
Flutter Models". The project was initiated and sponsored by the Dynamics
Branch, Aircraft Laboratory, Wright Air Development Center and wag adminis-
tered by Capt. G. P. Haviland and Mr. L, A. Tolve of the )ynamics Branch.

The authors are indebted to Messrs. W. L. Mynatt and W. A, Strutman
for their contributions to the design, construction and testing of the
model, Appreciation is also extended to Miss M. Gresham and Mrs. D,
Simpson who edited and typed the report.
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ABSTRACT

A T-tail flutter model was designed, built and tested by personnel
of Southwest Research Institute, San Antonio, Texas. Wind tunnel tests
were conducted at the Wright Air Development Center 20 Foot Wind Tunnel
during May and June, 1952.

The stabilizer of the model could be located at six different posi-
tions on the fin: three different chordwise points at each of two dif-
ferent spanwise stations. The stabilizer rocking frequency, fuselage
side bending and torsional frequencies, and rudder rotational frequency
could all be varied. Tests involving various combinations of these four
degrees of freedom as well as fin bending and torsion were conducted for
various stabilizer locations. The stabilizer could be replaced by stream-
lined weights which simulated the stabilizer in weight, yawing moment of
inertia and center of gravity location but not in roll inertia.

Theoretical flutter analyses were conducted for six different model
configurations with the number of degrees of freedom involved ranging
from two to four. No aspect ratio corrections were employed in the
analyses.

Results indicate that for a constant fin bending to fin torsion
frequency ratio the critical nondimensional velocity ratios,, V/brw1 AJ,
for T-tails is relatively independent-of stabilizer fore and aft lo-
cations in the range of chordwise locations tested. Also for a con-
stant fin bending to fin torsion frequency ratio, the T-tail with
stabilizer located at the 58% fin span has a more critical V/BrWdO
than when the stabilizer is located at the fin tip. Stabilizer
stiffness in roll relative to the fin has a negligible effect on the
critical nondimensional velocity ratio. V/Br1 w , over the range
tested. Reducing the fuselage stiffness in side bending and torsion
results generally in a decreased critical nondimensional velocity
ratio., V/B r W 1

For constant or fixed fin torsion and bending stiffnesses the criti-
cal flutter speed,V, for T-tails decreases appreciably as the stabi-
Lizer posltion is changed from 8 to 48% of the fin chord aft of the
fin elastic axis, and increases appreciably when the stabilizer posi-
tion is changed from the fin tip to the 58% fin span location,
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LIST OF SYMBOLS

Symbols other than those listed below are defined in Reference 1.

h Lateral displacement of fin elastic axis, positive to right on
inverted model looking forward - in.

hL Lateral displacement of fin elastic axis at fin tip, positive

to right on inverted model looking forward - in.

h' 6 - Slope of fin bending curve.

h' L h Tip slope of fin bending curve.

6 Rotation about fin elastic axis in plane perpendicular to fin
elastic axis, positive counterclockwise looking from root to
tip - radians.

XL Rotation about fin elastic axis at fin tip in plane perpendi-
cular to fin elastic axis, positive counterclockwise looking
from root to tip - radians.

Fuselage rotation about vertical axis through flexure beam
S, positive counterclockwise looking from fin root to tip-

radians.

& Fuselage rotation about axis through flexure beam longitudinal
t , positive counterclockwise looking forward - radians.

8 Rudder rotation about rudder hinge line, positive counterclock-
wise looking from fin root to tip - radians.

y Stabilizer rotation about axis parallel to fuselage and at
stabilizer • , positive counterclockwise looking forward -
radians.

( h L cos-LF a h'L Cos -A - radiansSF)F

AL' sin.• F - radians

7 bh sin_-1 F M hIL sin-/tF - radians
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" cos -A F - radians

./' F Sweepback angle of fin elastic axis.

.A_..S Sweepback angle of stabilizer quarter chord line.

OC F Fin angle of attack (rotation in plane parallel to airstream)
positive counterclockwise looking from root to tip - radians.

CS Stabilizer angle of attack - 0 radians.

SF Distance measured fromf in root along fin elastic axis - in.

LF Fin tip station on elastic axis = SFtip - in.

Ss Distance measured from stabilizer root along stabilizer pseudo-
elastic axis (line parallel to stabilizer quarter chord line
and passing through fin elastic axis trace) - in.

Ls Stabilizer tip station on pseudo-elastic axis - Sstip - in.

BF Fin semichord parallel to fuselage center line--in, or ft.

Br Reference semichord (on fin) parallel to fuselage center line,
16.71 in. from fin root - 1.445 ft.

bF Fin semichord perpendicular to fin elastic axis - in. or ft.

B Stabilizer semichord parallel to fuselage center line - in.or ft.s

bs Stabilizer semichord perpendicular to stabilizer pseudo-elastic
axis - in. or ft.

(BXy)s - Ss cos-/Ls + Bs(i/2+a) sin--/Ls coos-AS - in.

r Distance, parallel to fuselage center line, from fin elastic
axis at fin tip to stabilizer C.G. - in.

rF Distance measured from fin elastic axis, perpendicular to fin
elastic axis - in.

r Distance measured from stabilizer pseudo-elastic axis, perpen-
s dicular to pseudo-elastic axis - in.

XR Distance, perpendicular to fuselage center line, from flexure
beam center line to fin root - in.

Xt Distance, perpendicular to fuselage center line, from flexure
beam center line to fin tip - in.

YR Distance, parallel to fuselage center line, from center of
flexure beam to fin elastic axis at fin root - in.
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Yt Distance, parallel to fuselage center line, from center of
flexure beam to fin elastic axis at fin tip - in.

m Fin-rudder combination mass per unit length along fin elastic
axis - lb sec 2

ino2-

6 Mass per unit area = lb sec 2

in0
3

MF Total mass of fin-rudder combination - lb sec 2

in-

MS Total mass of stabilizer (both sides) - lb sec 2

in-

S6  Fin-rudder combination static unbalance about fin elastic axis,
per unit length along fin elastic axis - lb in, sec 2

ino2

S Total stabilizer static unbalance about a vertical axis through

fin elastic axis trace at fin tip (=Msr) - lb in0 sec2

in.

Ii. Fin-rudder moment of inertia about fin elastic axis, per unit

length along fin elastic axis - lb ino 2 sec 2

in,
2

IF Total moment of inertia of fin-rudder about fin elastic axis -
F lb ino2sec2

in.

IR Total rolling moment of inertia of stabilizer (both sides)about an

axis through fin tip parallel to fuselage center line - lb in° 2 sec2

in.

Isy Total moment of inertia of stabilizer about a horizontal axis
through flexure beam center line, parallel to fuselage center
line ( IR+MsXt2) - lb ino 2 sec 2

in.

Iyaw Total yawing moment of inertia of stabilizer (both sides) about a
vertical axis through stabilizer CoG. - lb ino 2 sec 2

in.

I Total yawing moment of inertia of stabilizer about a vertical axis
through fin elastic axis trace at fin tip (-I +M r 2 ) - lb in. 2 sec 2

yaw sin
in.
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Isx Total moment of inertia of stabilizer about a vertical axis
through flexure beam center line (=Iyaw+Ms(Yt+r) 2 ) - lb in. 2 sec 2

in,

1l x Total moment of inertia of fusela e about a vertical axis through
flexure beam center line l lb ino sec2

in.

I., Total moment of inertia of fuselage about a horizontal axis through
flexure beam center line - lb ino sec2

in°

TF Total fin-rudder combination kinetic energy - lb in.

Ts Total stabilizer kinetic energy - lb in0

TFUS Total fuselage kinetic energy - lb in.

T TFT 5+TFws - Total kinetic energy in system - lb in.

Wi Work done or potential energy in i degree of freedom by virtue
of air forces - lb in.

.W)2 (1 + igi)

qi Generalized coordinate describing motion in i degree of freedom

di dqj

Qi Generalized force in i degree of freedom0

60h Natural "circular" uncoupled frequency of fin in bending about an
axis perpendicular to the fin elastic axis in the fin chord plane
and includes the effects of the rigid stabilizer yawing and rolling
moments of inertia - radians per se=ond or cycles per minute.

&)0r Natural "'circular"' uncoupled frequency of fin in torsion about the
fin elastic axis (chord planes perpendicular to the fin elastic
axis) and includes the effects of the rigid stabilizer yawing
and rolling moments of inertia - radians per second or cycles per
minute0

60 Natural "circular" uncoupled frequency of rigid stabilizer rocking on
rigid fin about an axis parallel to the fuselage center line - radians
per second or cycles per minute0

wo Natural "'circular" uncoupled frequency of fuselage plus rigid em-
pennage in side bending about a vertical axis through center line
of the fuselage flexure beam-radians per second or cycles per minute.

60& Natural "circular" uncoupled frequency of fuselage plus rigid em-
pennage in torsion about the longitudinal axis through the center line
of the fuselage flexure beam - radians per second or cycles per minute.
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SUNMARY

Mlutter characterisitics of a T-tail flutter model having variable
stabilizer locations as well as variable stiffnesses in the stabilizer
rocking, fuselage side bending, fuselage torsion and rudder rotation
degrees of freedom are presented. Both fin and stabilizer were swept-
back and tapered0 The stabilizer could be replaced by equivalent weights
in order to eliminate stabilizer aerodynamic damping. Although mass, static
unbalance and yaw inertia conditions were satisfied, the roll in-
ertia condition vas not simulated. Detailed descriptions of all aspects
of the tests and calculations conducted are included.

The following results are contained herein:

1. Tabular results of all wind tunnel tests.

2. Graphical results of wind tunnel tests and calculations
showing the effect of stabilizer location on the flutter
parameters.

3. Graphical results of wind tunnel tests and calculations
showing the effect of stabilizer rocking frequency on
the flutter parameters.

4. Calculated flutter characteristics for six configurations
involving a maximum of four degrees of freedom,

50 Tabular comparison of experimental and theoretical results.

6, Zero airspeed frequencies and mode shapes for the various
configurations,

The results indicate that:

1, For constant fin bending and fin torsion frequencies the
critical V/BrWY for T-tails is quite insensitive to fore
and aft stabilizer position but relatively sensitive to
spanwise position; the 58% fin span location being more
critical than the fin tip location,

2, For constant or fixed fin torsion and bending stiffnesses
the critical flutter speed, V. for T-tails decreases
appreciably as the stabilizer position is changed from
8 to 48% of the fin chord aft of the fin elastic axis,
and increases appreciably when the stabilizer position is
changed from the fin tip to the 58% fin span location,
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3, Stabilizer stiffness in roll relative to the fin
(rocking of the stabilizer on the fin) on this T-tail
configuration has a negligible effect on the critical
V/BrWX over the range of stiffnesses tested°

4, Generally, a decrease in critical V/Br WOr results from
reducing the fuselage stiffness in side bending and
in torsion.

5, The theoretical analyses, in which no aspect ratio
corrections were made, of a limited number of the
test configurations indicates correlation between
test and theoretical values of V/BrC) and V/BrtA)
ranging from approximately 20% conservative to
20% unconservative; the majority of cases indicating
the theoretical results to be unconservative.
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INTRODUCTION AND PURPOSE

For some time it has been known that serious flutter difficulties
could arise from a wing configuration in which a relatively heavy mass
located near the wing tip results in appreciable mass coupling and pro-
duces a bending-torsion frequency ratio near unity. Such a condition
may result from a T-tail configuration in which the stabilizer is lo-
cated at or near the fin tip.

A recent Air Force airplane was designed and built with a T-tail
configuration; both fin and stabilizer having approximately 356 of
sweepback. The sweepback tended to place the center of gravity of the
stabilizer aft of the fin elastic axis thus creating a possible
serious mass coupling effect from the flutter standpoint. lt was
recognized, however, that the aerodynamic damping contributed by the
stabilizer possibly could offset the adverse mass coupling effect.,
and thus result in a satisfactorily stable empennage. A flutter
analysis of the T-tail configuration should include four or more
degrees of freedom., effects of taper., and aspect ratio corrections,
Consequently, it was believed that this complicated an analysis,,
without any experimental check points to be used for comparison
purposes,, would be unreliable in predicting flutter speeds for such
an aircraft. As a result it was considered desirable to design,
construct, test and analyze a T-tail wind tunnel flutter model having,
in its normal configuration., characteristics roughly similar to an
actual airplane.

The purpose of this investigation was to determine by experimental
methods the flutter characteristics of a T-tail with emphasis on the
effect on the flutter characteristics of (1) stabilizer fore and aft
location on the fin., (2) stabilizer spanwise location on the fin., (3)
stabilizer rocking stiffness, (4k) fuselage side bending and torsional
stiffness, and (5) rudder rotational stiffness. The yawing frequency
of the stabilizer relative to the fin was kept high as specified in
the contract requirements; however, some information recently fur-
nished to the UADC indicates that this flutter parameter is very
important for T-tail configurations.
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I, PROCEDURE

A. Model Design and Construction

The flutter model was designed to simulate approximately, a full
scale airplane in the following degrees of freedom:

1. fin bending
2, fin torsion
3° stabilizer rocking
4. stabilizer bending
5. fuselage side bending
6. fuselage torsion
7, rudder rotation

Other degrees of freedom such as stabilizer yaw, fuselage vertical
bending, stabilizer torsion, and elevator rotation were not simulated.

The model was designed and constructed so that the following
parameters could be varied:

1 fuselage side bending stiffness
2° fuselage torsional stiffness
3° fin spanwise location of the stabilizer
4. fin chordwise location of the stabilizer
5. stabilizer rocking stiffness
6. rudder rotational stiffness
7. aerodynamic damping of the stabilizer

The parameters on which the design was based are listed in Tables
1 and 2o

As shown in Figure II-l, Appendix II, the aft section of the fuselage
was cantilevered from the rigidly supported forward section by means of
a flexure beam designed to simulate the fuselage side bending stiffness
and the fuselage torsional stiffness of a full scale airplane. Means
were incorporated whereby all fuselage motion, both bending and torsion,
could be effectively locked out when desired.

Attachment points for the stabilizer were provided at six different
points on the fin: three at 58% of the fin span and three at the fin tip.
The chordwise positions employed were at 48, 68 and 88% of the local chord
for each of the two spanwise stations. The stabilizer was attached to the
fin by means of flexure springs which prevented any stabilizer yawing motion
relative to the fin but could be altered to produce the various desired rock-
ing stiffnesseso Stabilizer attachments are shown in Figure 11-4., Appendix
II.
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No. Parameter Model Parameter

10 Maximum fuselage depth . 0 0 0 0 0 . 31.33 inches

2, Maximnm fuselage width o o ...... 25.00 inches

3 Fin height above fuselage a o o a o 34.50 inches

It Fin tip chord 0 0 ... 0 0 0 28o67 inches

5o Fin root chord 0 0 00.0 0 0 41.67 inches

6. Rudder span 0 a 0 0 0 0 0 0 0 26o67 inches

7o Stabilizer root chord 0 0 0 0 00000 26o67 inches

8. Stabilizer semispan 0 0 0 0 0 a 0 0 0 40,67 inches

9o Stabilizer tip chord 0 0 a a 0 0 0 a 0 13.20 inches

100 Stabilizer - elevator weight per side * o * 8.41 pounds

11. Fin - rudder weight 0.. 00000 19o67 pounds

12. Rudder weight 0 a .0.0000 2.03 pounds

2
13. Rudder moment of inertia about hinge line * 11.88 pounds-inches

14. Stabilizer-elevator CoGo, % stabilizer chord 50 %

15, Stabilizer elastic axis, % stabilizer chord 40 %

160 Fin elastic axis, % fin-rudder chord a o o 40 %

17. Fin - rudder CoG., % fin chord 0 0 0 o 0 0 48 %

180 Moment of inertia of stabilizer - elevator 56.24 pounds-feet 2

about fin tip 40% chord o ........

19o Airfoil thickness ratio 0 0 0 0 0 0 0 0 10 % (approximate)

Table 1 - EESIGN GEOMETRIC AND MASS PARAMETERS
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No. Parameter Model Parameter

1 Stabilizer rocking frequency relative Variable (See Table 3)
to rigid fin

2, Uncoupled fin bending frequency with 225 cpm approximately
rigidly attached stabilizer and rigid
fuselage*

3. Uncoupled fin torsional frequency with 300 cpm
rigidly attached stabilizer and rigid
fuselage*

4. Uncoupled fuselage side bending frequency* 180 cpm

5° Uncoupled fuselage torsional frequency* 180 cpm

6. Rudder frequency Variable (See Table 3)

7. Stabilizer symmetrical bending frequency 440 cpm

8. Stabilizer yaw frequency relative to rigid High: at least 2.5
fin times the uncoupled

fin torsional fre-
quency

* Normal Stabilizer Location (Fin tip, 68% fin chord)

Table 2 - DESIGN FREQUDECY PARAMETERS

WADl TR 52-162 3



A variable length torsion spring attached at the rudder root and to
the fuselage allowed a wide range of rudder rotational stiffness values
to be obtained easily. Streamlined weights (Fig. 11-6., Appendix II)
which had a C..G, location., weight and yawing moment of inertia equiva-
lent to that of the stabilizer were constructed so that they could be
used to replace the stabilizer, thereby eliminating stabilizer aerody-
namic damping. A duplicate empennage was constructed, complete with
exciter system installation and instrumentation leads, for use in case
of damage to the original parts. A maximum tunnel speed of 250 mph
was used as a basis of design for all model components.

A compressed air exciting systemwas installed in the model which
consisted of a variable speed motor-driven rotary air valve located in
the forward fuselage (Fig0 11-3. Appendix II) which fed sinusoidal air
pulses through individual tubes imbedded in the model to ports at the
stabilizer tips0 The ports opened to both the upper and lower surface
of the stabilizer, pointing slightly outboard and forward to provide
components of air pulses in vertical, lateral, and fore and af't di-
rections. Air was valved to these ports in such a manner as to pro-
duce unsymmetrical excitation for the model. The system also included
a solenoid shutoff valve, tachometer, and necessary controls0

Eight accelerometers and four strain gage installations were incor-
porated at strategic points to allow measurements to be made of the mo-
tion0 William Miller accelerometers, amplifiers and recording equipment
were used exclusively0

Following completion of the construction of the model., all uncoupled
modes that could be isolated were excited in order to check the design
uncoupled frequencies. This was accomplished by tying down various parts
of the model with wire so that only the desired motion could take place.
A detailed description of the model structure, support system, exciting
system, safety system and instrumentation appears in Appendix II.

B. Wind Tunnel Tests

The wind tunnel tests were conducted at the Wright Air Development
Center 20-foot Wind Tunnel during the period l14 May to 13 June 1952,
Table 3 presents the testing program conducted in the wind tunnel0 Tests
1 through 32 were conducted by Southwest Research Institute personnel
with the assistance of WADC representatives under terms of the contract,
Tests 33 through 66 were later conducted by the JADC Dynamics Branch.

Prior to the start of the wind tunnel test program., shake table
calibrations were performed for all accelerometers. Response curves
were obtained using a wide range of frequencies and two different
amplitude settings. The accelerometers were rendered displacement
sensitive by virtue of the amplifier double integration circuits

WADC TR 52-1624



whereas the strain gage circuits contained no integrators. Since the
integrators introduced a phase shift which -was a function of frequency,,
it was necessary to run phase calibrations to determine the relative
phase angle between accelerometer and strain gage signals at various
frequencies. This was done by ins talling a strain gage bridge on a
flexure beam which was fixed at one end; the other end -was forced to
move wi~th the shake table. Each accelerometer was calibrated in its
respective amplifier channel and the recording oscillograph was used
to record simultaneously the eight accelerometer outputs and the strain
gage bridge output. A phase calibration curve and a typical accelero-
meter response curve are included in Appendix II0

The strain gage bridges which were used to measure fuselage
side bending, fuselage torsion, stabilizer rocking, and rudder rota-
tion were aUl subjected to static calibrations0 Calibrations., in terms
of oscillograph trace amplitude versus angle of rotation, were obtained
by applying moments to the various model components0

Before testing each model configuration, the zero airspeed coupled
modes were excited and decay records made of each0 However., in the cases
in which the configuration change involved merely the releasing of the
rudder from a locked condition, only a rudder rotation decay record was
made, Excitation was accomplished either by using the compressed air
exciting system or by manual shaking. The latter method proved more
satisfactory for the lower modes due to the lack of fine frequency
control of the air vibrator,

Duiring each run the tunnel velocity was increased in steps and
with each step the model was excited in the two most prominent coupled
modes0 The pickup traces were observed on the oscillograph screen during
,,he decay0 Simultaneously, a record of the output of one accelerometer,
located either in the stabilizer tip or the fin tip, was recorded on a
Brush recorder and analyzed immediately0 In this manner an approximate
velocity-=damping record., which proved valuable in predicting the approxi-
mate flutter velocity, was kept. This speeded up the tests since a basis
for the choice of velocity increments was established0 Oscillograph re-
cords were made when flutter was obtained0 Most of the excitations at
finite airspeeds were accomplished manually by jerking a wire attached
near the leading edge of the fin and extending through the tunnel wall0
This was necessitated by the fact that the compressed air-exciting system
did not produce a sufficiently strong pulsation to excite the model ef-=
fectively at high velocities0

Some difficulty was encountered in trimming the stabilizer in roll
at high velocities and at the low rocking spring stiffness. This was
attributed to the presence of slight differences in geometric twist and
incidence of the two halves of the stabilizer which resulted from manu-
facturing tolerances0 The attachment of small aluminum trim tabs to the
stabilizer eliminated the difficulty0
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In the process of running the test program, (Table 3)., tests 10j,
1,and 12 were postponed until the remaining 29 tests were completed.

Catastrophic flutter was encountered while conducting Test 10 which
resulted in the destruction of the fin and equivalent stabilizer weights,
The explosive nature of the flutter encountered in this test and the
difficulty experienced in controlling it caused the postponement of the
two remaining tests which involved somewhat similar configurations.

The model was refitted with the spare fin and partial instrumenta-
tion, and turned over to the UADC Dynamics Branch for additional tests.
Some of the tests in the original schedule were repeated and are included
in Table 4 with additional tests as Test Numbers 33 through 66.

Reynoldts Numbers encountered during the tests ranged from 2.4~8
to 6.12 X 106,

C. Theoretical Calculations

Theoretical flutter analyses were conducted for tests 1,. 3., 10, 13,
17, and 45 which incorporated combinations of the following degrees of
freedom-.

1. fin bending
2. fin torsion
3. stabilizer rocking
4,. fuselage side bending
5. fuselage torsion

The uncoupled modes used in the analyses are listed in Table 1-2.
The uncoupled fin bending and fin torsion mode shape and natural frequency
calculations were made by means of an iteration process using calculated
deflection influence coefficients and measured mass and mass moment of
inertia data, These measured data were obtained in the case of the fin
by actually sawing the structure into seven sections and measuring the
mass properties of each. Experimental uncoupled stabilizer rocking,
fuselage side bending and fuselage torsion frequencies and straight line
mode shapes were used. All pertinent data are presented in Appendix I.

Prior to conducting the flutter analyses zero airspeed frequency
and mode shape checks were performed for each of the six tests for which
flutter analyses were to be performed. This was done in order to insure
the validity of the determinant elements. In each case the frequency re-
quired to make the determinant vanish was determined by successive approximation.

The derivations of determinant elements are presented in Appendix
III and the numerical values are tabulated in Table 1-3,, Appendix I *
Determinant solutions were conducted using the Arnold Vector Method of
Reference 2. Aspect ratio corrections, which would have been rendered

WADO TR 52-162 8
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somewhat complicated by such things as the end plate effect of the stabi-
lizer on the fin,were not des-ired since the scope of the investigation
did not require complete and comparable analyses with and without aspect
ratio corrections; consequently aspect ratio corrections were ruled out
in favor of a greater number of the more simple infinite aspect ratio
solutions, While theoretical spot checks were made of experimental
points, the emphasis was generally placed on establishing trends rather
than on pin-pointing exact flutter speeds.
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II. RESULTS

Experimental and theoretical results are presented in tabular and
graphical form in Tables 5 through 7 and Figures 1 through 30 respec-
tively, Table 5 is a summary of test results including both zero air-
speed and flutter data. Values of Vir )d0 and W /ay- are based on
calculated values of eA),- . Experimental amplitude ratios and
associated phase agles are contained in Table 6.

Figures 1 through 6 are graphs of V/Bre) o Vr ();, V and /l)#
versus stabilizer center of gravity location for both the locked and
free fuselage configurations. Similar graphs for the stabilizer equi-
valent weights are presented in Figures 7 through 12. The effect of
stabilizer rocking frequency on the critical V/Bra) and V/BrW, is
shown in Figures 13 and 14. Points located at zero frequency ratio
are based on an infinitely rigid rocking fitting. Although stabilizer
rocking motion could not be completely locked out, the rocking fre-
quency in the locked configuration was several times that of fin tor-
sion, The curves in Figures 1 through lh, although basically experi-
mental results, also include theoretical points.

Theoretical flutter analyses were conducted for six different model
configurations which involved a minimum of two and a maximum of four
degrees of freedom; the stabilizer or the stabilizer equivalent weights
were located at the fin tip in all cases. Graphical results of these
theoretical analyses are presented in Figures 15 through 30. The curves
of Figures 15, 16, and 18, which are graphs of versus critical V/8 r)
for three model configurations, were obtained by holding gh constant
and varying 3 as it was evident from the graphical solution that
variations in p had relatively little effect on the results, How-
ever, for the case shown in Figure 17 both damping coefficients were
varied. Graphs of critical V/B 4O and V/Brt)O versus /O,,/s@ for all
six configurations are containeE in Figures 19 through 30. The ordi-
nates of the experimental points included in the 3j- or5 versus V/Br )If
curves were determined by the measured damping coefficient in the
coupled mode which most closely approximated fin torsion. In the re-
maining curves (V/B aO versus e)hi/a~r and V/Br 4Cd versus W*/•) ),
the experimental V/BrCO and V/Bra)r values are plotted versus ratios
of calculated fin bending and torsion frequencies.

Table 7 is a tabular comparison of theoretical and experimental
flutter results for the six configurations mentioned above0 The test
amplitude ratios are based on fin tip amplitudes.

All of the aforementioned experimental results are taken from the
latter set of test runs (33 through 66) with the exception of amplitude ratios.
Four of the six configurations for which flutter analyses were conducted were

WADe TR 52-162 12



tested in the first set of test runs and repeated in the latter set of
test runs, the exceptions being Test Numbers 45 and 61 for which there
were no correspondirfg tests conducted in the original schedule (Tests
1 through 32). Lower flutter speeds were obtained at the time these
tests were repeated, but no appreciable change was noted in flutter
frequencies and amplitude ratios. Since more complete instrumentation
was used in the original tests., amplitude ratios were determined from
those tests where possible. The amplitude ratios listed for Tests 4~5
and 61 are approximate as a result of the limited instrumentation.
The differences in the results of the two sets of tests are treated
in the Discussion,

Figures 31a through 31h are sketches which show the zero airspeed
node lines and frequencies for all important model configurations. Many
of the model configuration changes involved only the unlocking of the
rudder or changing the rudder rotational frequency. Because of the
negligible effect of the rudder freauency on the zero airspe~ed coupled
modes, only the cases involving a locked rudder are included. The node
lines shown for Test Numbers 33 through 66 are approximate because of
the simplified instrumentation used in these runs. However, points on
these lines at the intersections of the lines with a line through the
fin tip parallel to the air stream are accurate,

Figure 32 is a photograph of a zero airspeed oscillo graph record
and a flutter record for the same model configuration, These records
are tvnical of the ones obtained throughout the tests.

WADC TE 52-162 13
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III, DISCUSSION

A. General

At the time the wind tunnel tests reported herein were conducted,
it was most efficient and judicious to slightly alter the sequence of
tests as originally scheduled and as listed in Table 3. In most in-
stances the deciding factor in altering the sequence was the relative
ease of making configuration changes, In the case of Test Nos. 10,,
11, and 12, however, which involved replacing the stabilizer with
equivalent weights, the decision to postpone these wind tunnel tests
until the very end of the program was due to a combination of the
radical nature of the configuration change and recognition of the
more catastrophic type of flutter which might be encountered, By
scheduling Tests 10, 11, and 12 at the end of the program, the running
of the other tests was not being jeopardized by the possibility of
having the model destroyed in Tests 10., 11,, or 12 in the middle of
the test program0

This precaution turned out to be extremely worthwhile since the
model was seriously damaged during the running of Test No0 10. Through-
out the testing program the model was subjected to rather mild excita-
tions which produced fin tip lateral motions of the order of magnitude
of plus or minus two inches0 While conducting Test 10, which was run
after the completion of Tests 1 through 9 and 13 through 32, a tunnel
speed was reached at which the model appeared to be completely stable
when excited in the usual manner0 With essentially no change in tunnel
speed, it was arbitrarily decided to subject iýhe model to a somewhat
more violent excitation. Immediately., catastrophic flutter was en-
countered which resulted in the destruction of the entire empennage
of the model as well as the safety system. The same type of safety
system which had been adequate for damping out the other cases of
flutter proved surprisingly inadequate for the type of flutter en-
countered in this test. The remnaiping two tests., which were also
configurations involving the stabilizer equivalent weights, were
postponed and performed later,

A spare fin and stabilizer were available to run additional tests.
These additional tests would have the purpose of trying to clarify
certain peculiarities that had been exhibited in the tests with the
unlocked rudder and also of trying to determine the significance of
the fact that the Test No, 10 flutter condition was a function of the
violence of the initial excitation. Accordingly.. the spare stabilizer
and fin were installed and a minimum of instrumentation necessary to
identify flutter conditions was put into operating condition. The
Dynamics Branch,. WADC personnel then continued with the testing program.
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During the course of running other tests the Dynamics Branch re-
peated part of the test schedule with the simplified instrumentation,
for the purpose of checking the flutter speeds and flutter frequencies,
using more violent excitations. In most instances a marked decrease in
flutter speed was obtained while the flutter frequency and phase rela-
tionships remained essentially unchanged. For purposes of correlation
with theoretical results, the flutter speeds and flutter frequencies
from the latter tests were used while the amplitude ratios and phase
relationships determined in the original tests were used whenever
available.

B. Experimental Results

The yawing moment of inertia of the stabilizer about a line through
the stabilizer center of gravity is approximately 4.5 times the total
moment of inertia of the fin-rudder assembly about the fin elastic axis.
(Table I-1)

Fore and aft movements of this relatively large mass and inertia
over a range of 40% of the fin chord (aft of the fin elastic axis) would
normally be expected to alter the flutter characteristics of the model
radically. The following tabulated results are obtained from Figures
2 and 5 for the configurations having the stabilizer located at the
fin tip.

Fuselage Stabilizer C.G. ForeA& ,Aft Location
Item Configuration (Per Cent Fin Chord Aft of E.A.)

8 28 h8
V/BrW / (V/BO() j I .Locked 1.000 1.034 0.980
V/(V)8 Locked 1.000 .995 .871
V/Br&)" / (V/Br U)¥ )8 Free 1.000 I.O42 1.040

Vl(v)8 .Free 1.000 1.000 .923

These experimental results show that the critical V/B r ) varied a
maximu of only 5.4% while the stabilizer was moved all the way from 8% to
48% of the fin chord aft of the fin elastic axis. These results also show
that V, critical flutter speed, varied a maximum of 12.9% Th ile the stabi.
lizer position was changed from 8.0% to 48% of the fin chord aft of the fin
elastic axis. In both the fuselage locked and fuselage free condition, V
reemaIns essentially unchanged with the stabilizer center of gravity 8% and
28% of the fin chord aft of the fin elastic axis; in moving the stabilizer
from 28% to 48% of the fin chord aft of the fin elastic axis, however, V
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is reduced by 12.9% of the forward location value with the fuselage
locked and by 7.7% with the fuselage free. Although the reduction in
V is not as great as might be expected for this large chordwise movement
of the stabilizer aft of the fin elastic axis, the results show that, for a
fin having fixed torsion and bending stiffnesses, aft movements (aft of the
fin elastic axis) of the stabilizer are accompanied by progressively lower
flutter speeds. These results reflect the effect of changing fin bending
*to fin torsion frequency ratio since the fin bending frequency remained
practically constant for chordwise stabilizer movements while the fin
torsion frequency changed appreciably. However, since this ratio changes
only about 11% for the 40% change in stabilizer movement, it is believed
the frequency ratio effect is of a secondary nature (the theoretical re-
sults plotted in Figures 20, 22 and 26 confirm this belief).

These results also show that whether the fuselage is free to bend and
twist or locked relatively rigidly ,nakes no significant difference on the
critical V/Br UO, as the stab•!lizer is moved fore and aft between 8% and
48% of the fin tip chord aft of the elastic axis. The theoretical results
of Figure 2 indicate the same insensitiveness of V/Br••y to large changes
in stabilizer location.

Considering the cases involving the stabilizer at the 58% fin span
locations, Figures .2 and 5 yield the following:

Fuselage Stabilizer C.G. Fore & Aft Location
Item Configuration (Per Cent Fin Chord Aft of EA.)

8 28 48
V/B /(V/B 6Y Locked 1.000 0.925 0.895
V/(V) 8 Locked 1.000 0.875 0.760

V/B /(V/B r )8 Free 1.000 0.991 1.035

V/(V) 8  Free 1.000 0.938 0.885

Here, a decrease of 10.5% in the critical V/Br W.O is experienced as
the stabilizer is moved from forward to aft positions with the fuselage
locked. When the fuselage is freed, however, the effect is again insig-
nificant; V/Brtdr varying through the range of minus about 1% to plus
3.5%. In view of the foregoing, it appears that from the standpoint of
V/Br Wi) , it makes little difference where the stabilizer is located
chordwise, in the range of from 8% to 48% of the fin chord aft of the fin
elastic axis. For a fin of fixed torsion and bending stiffnesses such as
these results represent, as much as a 24% decrease in critical flutter
speed, V, is experienced in moving the stabilizer center of gravity from
8% to 48% of the fin chord aft of the fin elastic axis. The decrease in V
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with aft movement of the stabilizer when the stabilizer is at the 58%
fin span location is approximately two times as much as when the stabilizer
is at the 100% fin span location. This is indicative of the reduced aero-
dynamic damping effect of the stabilizer when located at the inboard loca-
tion.

Replacing the stabilizdr with the stabilizer equivalent weights, which
removed the effect of stabilizer aerodynamic damping from the system, the
following effects are noted from Figures 8 and 11:

Fuselage Weight C.G. Fore & Aft Location
Ttem Configuration (Per Cent of Fin Chord Aft of E.A.)

8 28 U8
V/Br6,/ (V/Br a) y )8 Locked 1.000 1.090 1.213

V/(V) 8  Locked 1.000 1.050 1.080

V/r U)j/(V/Br We )8 Free 1.000 0.901 1.071

V/(V) 8  Free 1.000 0.869 0.954

An increase of approximately 21% in the critical V/Bra) y (with locked
fuselage) results from aft stabilizer equivalent weight movement, the vari-
ation being nearly linear with fore and aft position. When the fuselage is
free, a quite different situation results in which V/BraOr decreases approx-
imately 10% in going from the 48% to the 68% fin chord locations and then
increases 17% between the 68% and 88% fin chord locations. Apparently,
the critical location is somewhere in the vicinity of the 68% fin chord
(28% aft of elastic axis).

The effect of fin spanwise location of the stabilizer on V/B rO j and
critical flutter speed, V, (Fig.2) can best be demonstrated by the following
table:

Stabilizer Chordwise Stabilizer Spanwise Location
Item Location (per cent fin (per cent fin span)

chord aft of fin EA) 100

V/B r60, /(V/Br 6 l )l00 8 1.000 o.865
V/(V)Io0 8 1.000 1.340
t)h/'c)./(Lh/1W) )I100 8 1.000 0.885

V/Bry /(V/Br U41 )lO0 28 1.000 0.774

v/(V)•o 28 1.000 1.176
W h/4)r/ (U)h/&, )lO00 28 1.O00 0.902

V/B, ,er/(V/Bd)r l )1OO 48 1.000 0.791

v/(V) 14 48 1.600 1.168
U) h f/(NIvor )10 48 1.00O o.914o
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These values indicate an appreciable decrease in critical V/BA r in
moving the stabilizer from the fin tip to the 58% span. In aldition, a
decrease in fin bending-torsion frequency ratio also was experienced.
Using the 68% fin chord (28% aft of fin EA) location as an example and
assiming the following curve shapes in the vicinity of a frequency ratio
of o.6.,

V/Br601 -100% S an

(Vr )O0 )10S100

A•• Decrease in V/B•W-
correspon ng to

4constan equency ratio

fin VrCO•" 1 •I 58% Span

I I
I i
I I

,902 1,000 4) h/Wr/ (0 h/C1a) 1 0 0

it becomes apparent that had the fin bending and torsion frequencies re-
mained constant$ the decrease in critical V/Brc4) r would have been even
greater as the stabilizer moved inboard. This case is typical of the
other two chordwise locations with locked fuselage and of all chordwise
locations with a free fuselage.

Therefore, for constant fin bending and fin torsion frequencies,
the test results show that the 58% fin span is a more critical stabilizer
location than the fin tip for the chordwise positions considered in this
report,

If the values of the table are discussed in terms of a fin having
fixed torsion and bending stiffnesses, the critical flutter speed, V.,
becomes the basis for comparison. For a fin of fixed torsion and
bending stiffnesses, V increases as much as 34% when the stabilizer is
moved from the fin tip to the 58% fin span location. This maximum in-
crease is with the stabilizer in its most forward location (8% of the
fin chord aft of the fin elastic axis). In the other two available
stabilizer chordwise locations on the fin, approximately a 17% in=
crease in V is realized in moving the stabilizer from the fin tip to
the 58% fin span location.
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The graphical results contained in Figures 13 and 14 show no
appreciable change in either V/BTw or V/Br r with stabilizer
rocking frequency for any of the fin tip chordwise stabilizer posi-
tions.

Unlocking the fuselage results generally in a decreased critical
V/Br &),y as evidenced by Figures 2 and 59 and the table below.

Stabilizer Stabilizer Fuselage Configuration
Item Spanwise Chordwise

Location Location Locked Free
(% Fin Span) (% Chord

Aft of EA)

V/Br£OI/(V/BrO)t )Locked 100 8 1.000 0.941

V/B Wyl/(V/B )Locked 100 28 1.000 0.950

V/BrrO /(V/Br4)- )Locked 100 48 1.000 1.000

Vlr/B ,/(V/Bru),O )Locked 58 8 1.000 0.872

V/B W, / (V/B )o 58 28 1.000 0.935

V/'r'"/(v/B ar )Locked 58 1 &8 1,0000 1009

The fuselage stiffness appears to be of most importance when the stabilizer
is located forward on the fin, As the stabilizer moves aft. the effect of
fuselage stiffness on V/Br£0( becomes insignificant,

With the stabilizer equivalent weights on the model, the fuselage stiff-
ness effect on the critical V/Br O appears to be more pronounced with the
weights 28% aft of the elastic axis and decreasing with movement in either
direction (Fig, 8 and 11),

Weight Weight Fuselage Configuration
Spanwise Chordwise

Item Location Location Locked Free
(% Fin 4=) (% Chord

Aft of EA)

V/Br)' AO,/(v/w,r ) Locked 100 8 1.000 l.0Io

V/B r'/(V/Br"W 100 28 1.000 0.86o

v/B 6, /(v/B , ) 100 4o8 1.000 0.918
r r Locked I I I I . I
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For the most forward weight location freeing the fuselage actually
increases the critical V/13rGO by 4%.

Even though the rudder was mass balanced by elementss, a considerable
decrease in flutter speed was obtained when the rudder was unlocked. The
results of Tests 1 and 2, Table 5. show the flutter speed decreasing from
205 mph to 117 mph as a result of going from a locked rudder to a rudder
rotational frequency of 100 cpm. The rudder dynamic balance with respect
to both fin bending and fin torsion was considerably improved by the addi-
tion of weights to the rudder, but this change did not result in an appre-
ciable increase in the rudder flutter speed, A chord extension at the
rudder trailing edge eliminated the rudder flutter, even though the rudder
was appreciably dynamically unbalanced, indicating that this type of
flutter was possibly being caused by a high degree of rudder aerodynamic
balance, In this final extended chord condition the bending-torsion
flutter speed was higher than for the locked rudder condition*

The same low rudder flutter speed was experienced with the other
stabilizer locations at the fin tip. However, when the stabilizer was
moved to the fin 58% span this rudder flutter mode disappeared and un-
locking the rudder resulted, in general, in an increased fin bending-
torsion flutter speed.

C. Theoretical Results

A comparison of the velocity-damping curves in Figures 16 and 179
which are for the cases involving the stabilizer and the stabilizer
equivalent weights, respectively,9 at the fin tip 68% chord position,
shows the aerodynamic damping effect of the stabilizer, The negative
slope of the theoretical,9 vs. V/Breoi curve for the stabilizer equi-
valent weights -case tends to emphasize the catastrophic nature of the
flutter which was experienced with this configuration. The large de-
gree of aerodynamic damping which was present with the stabilizer
attached was reflected throughout in the flatness of the approximate
9 - V curves plotted during the tests, This is borne out by relative
flatness (compared to the equivalent weights case) of the • vs,
V/Br&6jC curves of Figures 15, 16, and 18,

The degree of correlation obtained between theoretical and experi-
mental resultE is considered satisfactory in view of the lack of aspect
ratio corrections and the complexity of the model. Before conducting the
flutter analysis for each configuration, the stability determinant was
solved for zero V/BrcA) in order to check the zero airspeed coupled modes;
in each case satisfactory checks were obtained. On the basis of this, it
is believed that the type of analysis described in this report is valid
for predicting the flutter characteristics of a T-tail$ but that the
accuracy could be Improved by incorporating aspect ratio corrections.

WAIW; TR 52-162 68



The extreme insensitiveness of the results to radical changes of
stabilizer location on the fin are attributed to the aerodynamic damping
of the stabilizer and its large mass moment of inertia about the fin
elastic axis.

Although theoretical analyses were conducted of too few configurations
to permit firm general statements, the data indicate that the theoretical
accuracy may range from about 20% conservative to about 20% unconservativeo
The best agreement between theory and experiment was obtained fcr the equi-
valent weight configuration where an excellent correlation was realized
between test and calculated values of the nondimensional Darameters, V/Bra)
(0.1%)t V/Bra)V(4o5%), and W/a)t (4.4%)., (Table 7); the calculated
values being lower than the test values for each of the three parameters.
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M,. CONCLUSIONS AND REOO'MENDATIONS

A. Conclusions

On the basis of' the results presented herein, the following con-
clusions are dra'wn-.

1. If a constant fin bending-torsion frequency ratio is
maintained the critical V/B Wr~ for T-Tails is rela-
tivel~y independent of stabilizer fore and aft location
in the range of locations tested regardless of the
stabilizer spanwise location on the fin.

2. If constant or fixed fin torsion and bending stiffnesses
are maintained, the critical flutter velocity., V., for
T-tails decreases as much as 12.9% with the stabilizer
located at -the fin tip,, and as much as 24.0% with the
stabilizer located at the 58% fin span as the stabilizer
center of gravity is moved from 8 to 48% of the fin chord
aft of the fin elastic axis. The redaction in V is approxi-
mately two times as great with a very rigid fuselage (fuse-
lage locked) as with a fuselage which is relatively flexible
in side bending and torsion (fuselage free).

3. The fin 58% span is the more critical stabilizer spanwise
location by as much as 23% in critical V/BrcO( if constant
fin bending and fin torsion frequencies are maintained,

4i. If constant or fixed fin torsion and bending stiffnesses are
maintained., the critical flutter velocity, Vp for T-tails
may be increased as imuch as 34% by changing the location of
the stabilizer from the fin tip to the 58% fin span location,
This maxim~um increase was realized with the stabilizer center
of gravity at 8% of the fin chord aft of the fin elastic axis.
An approximate 17% increase in V was realized with the stabi-
lizer center of gravity located 28 and 48% of the fin chord
aft of the fin elastic axis.

5* Relative stiffness in roll of the stabilizer attachment to
the fin on this T-tail configaration has a negligible effect
on the critical V/B r j over the wide range of stiffnesses
investigated in these tests.

6o Reducing the fuselage side bending and torsion stiffnesses
results generally in decreased critical V/Br~O( values in
all instances except for the most rearward stabilizer lo-
cation configurations tested where the effect was negligible.
Reda~tions in critical V/Br~Or of as much as 13% were e-xperi-
enceci0
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7- Since the rudder on this model did not seem to function as
a normal rudder shouldq no conclusions can be drawn with
respect to the effect of the rudder on critical values of
V/Br 0 o.

Conclusion No. 2 set forth in the original version of Reference 3,
which is a preliminary report on the wind tunnel tests of the model des-

cribed herein, were somewhat prematurely drawn and should be disregarded.
A more thorough study of the experimental and theoretical results yielded

factors which were unforseen at the time of writing of the reference re-

port.

Bo Recommendations

1. T-tail fins should be as stiff in torsion as is possible.

2. Wh•en a T-tail configuration is contemplated in the design of
an airplane, a flutter analysis should be made to evaluate
the flutter margin of safety and to establish the optimum
stabilizer location.

3, Flutter model tests and/or flight flutter tests should be
undertaken to establish the critical flutter speed on any
given airplane having a T-tail. provided the flutter analysis
does not yield an ample margin of safety.

4I Further investigation should be made, if practical, to
determine why critical flutter is a function of the degree
of violence and duration of the initial excitation.

5. Flutter analyses which include aspect ratio corrections
should be made to see if better correlation could be
realized between experimental and theoretical results.
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APPENDIX I

DATA

Tables I-1 through 1-3 and Figures I-1 through 1-7 constitute a
complete listing of basic data on the T-tail flutter model. As is noted
in these Figures and Tables. the majority of data were obtained experi-
mentally. The basic data of Tables I-l and 1-2 and Figures I-1 through
1-7 were used in evaluation of the numerical values of determinant ele-
ments summarized in Table I-3. Appendix III is the derivation of the
formulas for the ,determinant elements.
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MODEL PARAMETERS

Geometric Characteristics Fig. II5, ll15a, II8

Fuselage Characteristics (Items 1,2, & 3 do not include fin,

rudder or stabilizer).

1. Weight * 95 Ibso

2, Moment of inertia in yaw about verticil
axis through flexure beam centerline 1209800 1bo-in.2

3. Moment of inertia in roll about fuselage
longitudinal axis * 4,9934 2b.-in.2

4. Side bending frequency (stabilizer at fin
tip, 68% chord.) 172 cpm

5. Torsion frequency (stabilizer at fin tip,

68% chord) 210 cpm

Fin, including Rudder, Characteristics

1. Section Properties * (Fig. Il)

Section Weight X(a) Y(b) ICG(c)
Boundaries

(X) (inches) Lbý In,. In, Lb,,=ZIno 2

13o50-19.55 6.82 15-05 19.40 963.92
19,55-24,12 2.50 21.21 17.32 103.23
24.12-29.10 2.28 26.80 14.68 122-78
29.10=36,72 9.80 32.28 11.,?6 336-59
36.72-4L.40 2.18 39.16 13.31 87.02
41.40=44.64 1.73 42.70 15.32 80.46
44.64-49.15 7.46 47.73 10.50 638.46

Total 32.77 2332.4

a, Fuselage centerline is station zero for
all spanwise (x) coordinates,

b. Fin leading edge is station zero for
all chordwise (Y) coordinates.

Co ICG is taken about an axis through the
section CoGo perpendicular to the stream
direction.along the span°

Table I-1 - SUMMARY OF MOIEL PARAMETERS
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MOMEL PARAMETERS

Fin, including Rudder, Characteristics (cont'd)

2. Static unbalance about elastic axis* (Fig. 1-2) 33.78 lb.-in.

3. Mbmnt of inertia about elastic axis* 1900.00 lb.-in.
(Fig. 1-3)

4. Bending frequency
Stabilizer at fin tip (Table 1-2)

48% Chord 184 cpm
68% Chord 184 cpm
88% Chord 181 cpm

Stabilizer at 58% fin span
48%, 68% and 88% Chord 252 cpm

Equivalent weights at fin tip (Table 1-2)
68% Chord 211 cpm

5. Torsional frequency
Stabilizer at fin tip (Table 1-2)

48% Chord 302 cpm
68% Chord 290 cpm
88% Chord 268 cpm

Stabilizer at 58% fin span
48% Chord 466 cpm
68% Chord 440 cpm
88% Chord 397 cpm

Equivalent weights at fin tip
48% Chord 353 cpm
68% Chord 339 cpm
88% Chord 313 cpm

6. Elastic Axis 40% Chord

Rudder

1. Section Properties *

Section Weight X(a) Y(b)
Boudaies

(W) inches Lb. In. In.
14.80-19.55 .964 15.23 2.35
19.55-24.12 .314 22.10 2.38
24.12-29.10 .255 26.70 2.58
29.10-36.72 .428 33.50 2.84
36.72-41,40 .339 39.40 3.00

Total 2.300

Table I-1 - (continued)
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MDEL. PARAMETERS

Rudder (cont'd)

a. Fuselage center lire is station zero for
all spanwise (X) coordinates.

b, Rudder leading edge is station zero for
all chordwise (Y) coordinates.

2. Static unbalance about hinge line* -0.69 Ib.in.

3. Moment of inertia about hinge line* 12.6 lb.in. 2

o4. Frequency Variable

Stabilizer

1. Section Properties *

Section Weight X (a) Y (b)
Boundaries
(X)in. lb. In. In.
2.00-9.1 4.4386 3.75 11.8
9.1-15.o .7o41 n.47 8.5
15.0-23.1 1.1975 18.20 7.0
23.1-33.1 .9955 27.00 7.3
33.1-4o.8 1.6544 36.15 7.58

Total 8.9901 per side
18.0 both sides

a. Fin Chord line is station zero for all
spanwise (X) coordinates.

b. Stabilizer leading edge is station zero

for all chordwise (Y) coordinates.

2. Total yawing moment of inertia about stabilizer C.G.* 8,596 ib.in.2

3. Total rolling moment of inertia about stabilizer 7,054 Ib.in° 2

center line*

4. Symmetrical bending frequency* 452 cpm

5. Rocking frequency
Locked High
.75 WOg fitting* 214 cpm

o50Q0Y fitting* 138 cpm

Table I-i -,(continued)
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EL PARAMET

Stabilizer (cont'd)

6. Center of Gravity* (Aft of leading edge 75.5% Root
root chord) Chord

7. Elastic axis 4o % Chord

Stabilizer Equivalent Weights

1. Weight (Total) 18.38 lb.

2. Yawing moment of inertia about the center of
gravity of the system on the fin center line
(total) 7,592 1b.

* Experimentally determined, All other values were
calculated. Frequencies are uncoupled.

Table I-1 - (concluded)
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APPENDIX II

MODEL DESCRIPTION

1, Model Structure

(All model components were designed to have ample margins of safety
at a maximum tunnel speed of 250 mph-and stabilizer tip amplitudes of + 2.0
inches fore or aft, laterally or vertically.)

a. Fuselage:

Figure II-1' is a photograph of the completed assembled T-tail
flutter model,, The forward or nose section of the model consisted
of a tubular steel frame covered with a combination wood nose and
plywood surface; the surface being connected to the frame by means
of plywood bulkheads. The frame was provided with three attachment
points for the support structure.

The fuselage tail cone -was connected to the nose section by
means of an I beam which was designed to provide the required fuselage
side bending and fuselage torsional stiffnesses and yet be relatively
rigid in vertical bending0 The tail cone was made up of a tubular
steel frame, which carried a plywood and doped fabric fairing sup-
ported by a stringer-bulkhead framework0 Steel plates were bolted
to the tubular steel frame to obtain required mass properties.
Figure 11-2 shows the, partially uncovered tail cone section in
which the frame, weights, plywood bulkheads., stringers and the
partial plywood cover can be seen,, Both nose and tail sections
were bolted to the ends of the flexure' (I) beam.

Means were provided for locking together the nose and tail
sections in order to eliminate the two fuselage degrees of freedom.
The side bending locks consisted of two heavy steel straps lying
in a horizontal plane containing the flexure beam centerline and
spaced ouitboard from the centerline approximately + 3.6' inches0
The bolt holes in the straps were located so that Vhe straps were
preloaded 'when attached to the nose and tail frames with tapered
bolts . The torsion lock consisted of tubular frames extending
from each end of the flexuare beam and sloping upward on top and
downward on the bottom toward the c enter of the beam0 Attach-
ments were provided for bolting together the forward and aft
frames to effectively prevent twist occurring in the beam0 The
forward portion of the bending and torsion locks and the flexure
beam can be seen in Figure 11-3.
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b, Fin:

Figure 11-4 is a photograph of' the fin spar with rib clips
and stabilizer rocking fittings attached. The fin was of single
spar construction, the spar being made up of two main steel tubes
and two stiffener tubes connected by a scalloped steel shear web.
The stiffener tubes were located in the center of the spar and
were intended to provide bending stiffness only. All parts of the
.spar assembly were silver soldered or brazed together to minimize
structural damping0

Rocking fittings for the stabilizer were provided at the
fin tip and at 58% of the fin span. Each of these fittings con-
sisted of two steel tubes with the longitudinal axes parallel to
the stabilizer chord plane0 One tube was silver soldered to the
fin spar while the other was free to move0 Silver soldered to the
latter were small tubes to provide for attaching the stabilizer at
the three different chordwise locations0 The fixed and the moving
tubes were connected with two sets of crossed leaf springs located
at each end of the fitting and thereby providing considerable re-
sistance to yawing or pitching of the stabilizer0 In order to ob-
tain greater rocking stiffness an additional set of springs could
be installed in the center of the fitting. The tubes also could be
locked together at. each end with screws to prevent any appreciable
relative motion between the stabilizer root and the fin0

In order that alterations in the fin torsional stiffness
could be made without appreciably changing the bending stiffness.,
a torsionally stiff tube with longitudinal axis perpendicular to
the axis of the spar was silver soldered to the fin main spar tubes
about ten inches from the fin root. The tube was cut at its length-
wise center and provided with bolt attachments so that it could
be locked or unlocked. A second means of stiffness alteration
was incorporated in the fixed tube part of the 58% span rocking
fitting, These tubes and the locking mechanisms are visible in
Figure 11-4h, The tubes remained locked throughout the test
program since it was found to be unnecessary to use this adjust-
ment.

The spar tubes extended through the root fitting., which
provided a means for attaching the fin to the aft fuselage
frame, and were welded on the inboard side and silver soldered
on the outboard side0, SAE 4130 steel was used throughout the
"spr and fitting structure0

WAUC MR 52-162 94



Fig, 11-3 Fuselage Flexure Beam and Air Valve Installation
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Aluminum alloy channel main ribs and support ribs were
riveted to the spar rib clips which were in turn brazed to the
main spar tubes.~ The leading and trailing edges were formed
of aluminum alloy sheet and cut into segments so as to offer no
appreciable torsional stiffness. The spar and rib structure
was covered with nyrlon net which was impregnated with Goodyear
Chemigum Latex lOiA0 The nylon was stretched on and sewed with
the threads running parallel to the elastic axis and parallel
to the ribs. The latex was then painted on in several coats
until the cover was sealed. The orientation of the threads
served to minimize the effect of the cover on the fin torsional
stiffness. No serious ballooning difficulties were encountered
with this type of covering at wind velocities up to-250 mph.
Zippers were installed at various points to provide access to
the internal structure and to the instrumentation 0

The elastic axis was located at 40% fin chord and had a
28,370 sweepback. Details of the geometry are included in
Figure 11-5.

c, Stabilizer:

The stabilizer structure shown in Figure 11-7 was quite
similar to that of the fin0 The spar was made up of two steel
tubes connected by a steel sheet web. To prevent warping of the
thin sheet due to heat, clips were silvered soldered to the tubes
so that alternate clips would be on the same side of the web0 The
web was then inserted and riveted in place to the clips. All spar
components were of SAE 4130 steel0 Ribs, leading edge, and trail-
ling edge channels were of aluminum alloy. The leading edge con-
tour., not shown in Figure 11-7., was formed of aluminum alloy sheet
and riveted to the leading edge channel. Ballast weights necessar,
to bring the stabilizer up to the specified weight, balance and
inertia condition, and consisting of lead slugs~were bolted into
place in the root box assembly,

The stabilizer was bolted to the fin with four bolts
through the root box, The spar and rib structure was covered
with latex impregnated nylon net in the same manner as the fin0
Zippers were installed to provide access to the instrumentation
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and to the rnot attachment bolts. Figure 11-8 is a drawing
showing the stabilizer dimensions,

Stabilizer equivalent weights which simulated the stabi-
lizer weight and yawing moment of inertia were constructed of
two 2-inch 0. D. steel tubes with lead inserts at either end.
Figure 11-6 is a photograph of the weights in place on the
model.

d0  Rudder

The rudder was of mahogany plywood construction and was
attached at each end to the fin with flexure hinges. One
of the hinge platforms is visible in Figure 11-9 which is
a photograph of the assembled rudder. Additional variable
rotational stiffness was provided by means of a torsion
spring connecting the rudder root tube to the fuselage
frame. The dimensions of the rudder are shown in Figure
115

2. Instrumentation

Eight William Miller Type 402C accelerometers located as shown in
Figures 11-5 and 11-8 were Used with amplifier double integration circuits
to measure displacements. In addition, four strain gage installations,
with locations as shown in Figure 11-5., were used to measure fuselage side
bending., fuselage torsion, stabilizer rocking and rudder rotation.

Recording equipment consisted of the following:

a, Three units of four channels each,, Type CI}=2 Amplifiers
and Power Supply (William Miller).

b. One Model W,, 16 channel Oscillograph equipped with 180 cps
high sensitivity galvanometers (William Miller).

This equipment is shown in Figure 11-1.

All accelerometers located in the fin were oriented so as to be sen-
sitive to lateral motion. Three of the stabilizer accelerometers were
sensitive to vertical motion and one to fore and aft motion. Table 11-1
identifies each pickup by the type, location., and channel number.
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Con- Ampli- Oscillo-
Pickup duc- fier graph

tor Channel Channel

No. Type Location and Direction No. No. No.

1 Ref 0

1 Accelo Right Hand Stab. 1 1 2
Tip Trailing Edge
Fore and Aft

2 Accelo Right Hand Stab. 2 2 3
Tip Leading Edge
Vertical

3 Accelo Right Hand Stab. 3 3 4
Mid-Span Leading
Edge-Vertical

4 Accelo Left Hand Stab0  4 4 5
Tip Leading Edge
Vertical

6 Ref 0

5 Accelo Fin Tip Leading 5 5 7
Edge Lateral

6 Accelo Fin Mid-Span Leading 6 6 8
Edge Lateral

7 Accelo Fin Mid-Span Trailing 7 7 9
Edge Lateral

8 Accelo Fin Tip Trailing 8 8 10
Edge Lateral

ll Ref0

9 Strain Stabilizer Rocking 9 9 12
Gage Fitting

10 Strain Rudder Hinge Line 10 10 13
Gage Rudder Rotation

11 Strain Flexure Beam Fuselage 11 11 14
Gage Side Bending

12 Strain Flexure Beam Fuselage 12 12 15
Gage Torsion _

16 Ref.

Table II-1 - pickup and Channel Identification
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Each strain gage installation consisted of four SR-4., Type A-7
strain gages wired to form a Wlheatstone bridge. Figure II-10 shows the
manner in which the gages were located on the stabilizer flexure springs
and is typical also of the rudder spring installation. Two sets of gages
were installed on the vertical edges of the fuselage flexure I-beam flanges.
One set was wired so as to be sensitive to side bending of the fuselage
while the other set was wired to be torsion sensitive, Portions of the
fuselage gage installations are visible in the center of Figure 11-3,

Figures II-11 through 11-14 are typical static calibration curves
for the strain gage installations0 Figure 11-15 is a typical accelerometer
response curve. The phase response of the accelerometers is shown in Fig-
ure 11-16 as a plot of strain gage signal phase lag relative to accelero-
meter signal0

3. Exciting System

Excitation of the model was accomplished by means of a compressed
air vibrator installed within the model itself. A supply of compressed
air was supplied to a rotary air valve., located in the nose section of
the fuselage., just forward of the flexure beam,, through a solenoid valve.
The solenoid valve was actuated by a toggle switch on the control panel.
The rotary air valve was driven by a small variable speed electric motor
which was controlled by a Variac on the control panel, A Kollsman Air-
craft Tachometer was also located on the control panel and connected
electrically to the tachometer generator which was driven through a
short flexible shaft by the rotary air valve motor. The rotary air
valve produced two 'alternate pulses of air per cycle to the model.
These pulses were delivered to the tips of the stabilizer through two
air tubes running from the rotary valve to the stabilizer. At the center
of the stabilizer each tube was divided into two tubes by a Y connection
and routed to opposite stabilizer tips: one to the stabilizer upper Sur-
face and one to the lower surface. By this means it was possible to
excite the model by ejecting the pulses of air upward and downward from
the four air tubes at the stabilizer tips. By different arrangements of
the tubes at the Y connections it was possible to obtain either symmetrical
or unsymmetrical excitation,

Figure 11-17 is a schematic diagram of the exciting system, The
variable speed motor, rotary air valve, and solenoid air valve, can be
seen in Figure 11-3. The control panel is visible in Figure 11-1,

Means were also provided for exciting the model by hand. This con-
sisted merely of a wire attached near the leading edge or trailing edge
of the fin tip and extending through the tunnel wall.
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Fig, II-10 Stabilizer Rocking Fitting Strain Gage
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Forward Fuselage Section

Solenoid go 5 ar•he Tachometer
f -•lve J~aSpee Generator

Motor

Off
Comgressed Air hDAng S

TTachRo

• • Vari1ac

,AirTue
STube\• •Control Panel

Y Connection

S: Q //I Stabilizer

-------------

Fig, 11-17 Schematic Diagram of Air Exciting System

WADC TR 52-162 114



4. Safety System

The safety system used for curbing the motion of the model when
divergent flutter was incurred consisted of a spring-loaded, electri-
cally operated piano wire rigging which., when released, introduced damiping
into the vibrating system by bringing a rough rubbing surface in contact
with the stabilizer tips. The stops were held in the off position by
electromagnets in the two cocking mechanisms located on either side of
the tunnel. The system was triggered by a switch on the control panel
but had to be cocked by hand from outside the walls of the tunnel,

A portion of the system is shown in Figure 11-l8 for the fin tip
stabilizer location and in Figure 11-19 for a 58% fin span stabilizer
location. The cocking mechanisms are visible in the lower part of Figure
11-18. Figure 11-20 is a photograph of a cocking mechanism showing the
spring, transformer for the electromagnet, cocking cable and the rigging
wire. Tension on the cocking cable,, -which is shown going through the
tunnel wall, rotated the pulley which simultaneously loaded the spring,
withdrew the rubbing surfaces, and engaged a holding bar with the electro-
magnet. The system was released or actuated by breaking the circuit which
included the electromagnet.

A somewhat similar method was employed for configurations involving
the stabilizer equivalent weights. The rubbing surface was applied in
a horizontal plane to the top surface of the weights. This configuration
can be seen in Figure 11-21.

5. Model Support Structure

The model was supported from the tunnel wall by a framework made
up of eight struts0 The struts were 5.25 in0 X 2.50 in., 12-gage stream-
line tubing which was formed on a press brake from SAE 1020 steel sheet0
The assembled structure can be seen in Figures 11-l8 and 11-21.
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APPENDIX III

DERIVATION OF DETEMKINANT ELEWNSI oGENERAL

The following positive directions have been-assumedg

Fin torsion &
rudder rotation

SFasela -e" e

Stabilizer translation

qoking Down

lkselage torsion

Fin bendin

- - Stabilizer rocking

Looking Upstream

The various degrees of freedon are described by the following generalized coordi-
nates,.

ql •fin bending along the elastic axis
q., -fin torsion about the elastic axis
q3 -- stabilizer ruking
q5• fuselage side bending

q5 fuselage torsion
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Fig. III1l Fin and Stabilizer Nomenclature
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20 AERODYNAMIC PARTS-

(a) Fin Bending and Torsion

Considering first the aerodynamic terms for fin bending and fin torsion and
referring to Figure Ill-1

I CI - %), (B h .,. L h + B 3 OC F L,, ) 7. e a) '( a a(ctX)IF (B 44 F kB~F L.)rw

(diV IF (sF h-iB~oF Jr (l a='d)

(W'(8' (sh./ 4 SLh+Bs~ocLo)rrpw2

(#t4)~(B~3 hc/.,SMh+B,,oc5 M.C7'(

The bending deflention at PF - ql h and the torsional deflection at PF

q2 Y ° The components of stabilizer motion due to fin motion wifl be:

Stabilizer yaw r , co0s5 , + (h1 SiYIJIF

Stabilizer roll =---siviAF+(),LCOSJF (2 aFb)

If

YL92sinlAF +( ) co5JtF (3)w-O F q,(3

the vertical deflection of the stabilizer due to roll at Ps is

and the torsional deflection of the stabilizer due to roll at Ps is

-TF sinA.,

or.

vertical deflection at Ps9 qI(NS,)Ls, o5 AS scos AF

- 2 YL 5, co&, s inA(1 a)
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and

torsional deflection at PR nC,(s)c1h (4 b)

Since 8CO&A_•k

(h 5,'h - BF (k+a.)q 2,.co•5-•

(o. 14)F- q,(-)si,.A +A, cos.F

(hc 4 )5 =i' q , (-FL" (••ssco5./LSCOS.AlF- cjtVr s 5cos-.5A SiflJ1-1  (5 a•1

- B• (kz4+a. cosIL.[qi3rI.sin4s- q,() 5 ico F oq, Yin_/4J
(cw.X= [9sc(5)L cosAF F (5 a1Lif~t --d)]Sfl

+ [q + aLsinAc sAn.,[9 -1, (is ) Cs5A -s. q1nA s]c os.A-s

=0

Thus (OCC 4 ). 5 is zero as would be expected since - has no component perpen-
dicular to the stabilizer center line. It should be noted that "a" for the
stabilizer is measured from the pseudoelastic axis on the stabilizer which is
parallel to the stabilizer quarter chord line and passes through the fin elastic
axis trace,

By rewriting

(h4) q ff)LoAF [scos A ý + B. (!/, L) c osA&5 Siflits

92 f~r s inAF IS Co,03A,5 +s 0*(!x a-) cosJL 5 sin{ (6)1

and letting

(B )ýs = s, cosJL, + Bs("/+O-)coG.5As 5inJAs (7)

which is the perpendicular distance from the stabilizer center line to the point 9
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(dý , ) -/4 w2j[B 2 Lh+.BF(t)5inAF L.]

qaz [- B "(si- ) YcosA Lh + 13 YrcosAF L J

am' Tpiq[B,'hMh + BF'(*sr)5 in A, MK]

+qzf3-B4?'(z+a.hYcosAtFMh+B~ycostF. M41 (8 -"

Adrrw (L '[9, 'A)Lcos.4 (B'x) 5 - qa4 snFBr)5

+ 8 (0)Loc}

= rw'{I[B(Bvs*ýL A Lh]

- 9~ z[ (B5r3 Y ~s inA F L h]
im-A "rew -B. [9I Uý)LC osAF (B %r.s - q2 if~F("vX h

= FLC1OSAF(B~yM-2F('')sM]

The virtual work can be expressed as:

f L~cosAF Li' cosJF
3Wh f XFdX+ (js)(AdxA)F d~

40 Ls cosit 0

+CSrf c8 v5(9 'a~
'LS cosA.5

andl

= Scjaf Fc(jos)AF sA (cL9 cLq+ Los ,cf0 o(AF
swy S9PU L YcosI pd+csAfytc4

0 LscOSA,

Substituting the lift and moment expressions into the virtual workc equations
and rearrmngixg.,
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Qh 59 r ~! [ 2h-= (11 ý sin-AFr (L.* Mh)

+f Bs?(B5xv)5,' ('w)Ir 05 AFh Ldx
-L~co5sitSF

1 9, + fL, CVUS-4-F

+lrwt  ([6,3har c;o5A F (L c(!-z* 4,Li hl

+ BF (p") ay os.AF5!A K-Pa< 2
Ls coss

=fB:l (B3X): ()c osA, Y 's inAF Lh
- L co-5S )5 hd

(10 a-b)

Ql9 9~Wf~z1 {[13Fh cos5AfMh... Q2.+ a-)Lh)

+B flh (.5Aostrsin~A~jt 1.M- (,+c f"L.J] d;(
L scos As h*

-- f ,ý` 13 A -hL cO~t o L5A nALh x

-Ls1'~ r 52F FY5n
+Irpw92-( COSJL6

zdt~d
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Stabilizer Rocking

If the stabilizer rocking degree of freedom is added:

Vertical deflection ats P= q. (4a)d acos~As cosILF IYLScoSASsiflAF

+c 33l'rs, c05iL (11 a-=b,'

Torsional deflection at P, q.,r, sinAtFsinAtS-qcjf,()LcostF sinA,

-q, 'Y.51nAt

(hc/j) 9. 5_ cosAs c- o~sAF -9,r s, c o5.A, s i n Ar 4- ql~s, cosI

-B. (!/z a.) os A5 [q,,s inAFS in.A. -q, (jt)LcosAF sinAs -q3'Tsin.A,

=q, (h;)LcosJLF[E5ScosA5÷+ Bý (½.+cA)cosA,, s iwnt

-q2,rsin.AF1sSco3A, + 8BS(Pt~a.)cosAssi nAS] (12 a-b

+9qY '1 5,cosA,5+Bs(&a~)casAssinAS]

~ 0

Il M1= rw {q. [B2(BX~). (lh)LCo0S AF L6-qI[B'(B,%pYLsin4Lh]

+ 93Lp (51xi 7)S, VLh (13 a-b)

-,Y~rpw2 fq, [Bc" (Bx,) 5 (5LoA Mg-9 [5.(,X sinAF Mh]
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The virtual work expression in the q 3 degree of freedom becomes

L5d05A 
('h)r/

,- S 5s )o (14)

SWh and SW6# remain as before except for the additional term due to the lift
and moment on the stabilizer caused by the additional degree of freedom.

For &t/hthe extra term is:
Ls•coAs./

Q = 11" ý-C "-LsoAs CL
coS5A~f (13,,), (F)L k C'X)/S

IsA LS cosILAs

= ,7 3 e w' co.Jt fs (Bt (8 (V3 Lh c~

For SWrthe extra term is:

- LsCOSIs dL (15 a-c)

QY SqW- 5inJLFLB (v,)SYLc)d-sco.L ' s
Lk Lscosts

=-q 3 7rew, 51 •JA f (B, 3) Lhcix
- L•co.-As

and

L s co'sA.

s = If. q, =
-L cosJLc

+ TR3 [8 (5)162]J2 7
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.)Fuselage Side Bending

Adding the fuselage side bending degree of freedom, q4.

Bend~ing def lection at R= 9, h + -cI.4(YR + Sr. 5irAF)

Torsional deflection at PF= q,2+q~coI5A (16 a -I)

Vertical and torsional deflection at Ps remain as before.

(hc/,)F = q1 h +q j.0 YR+S.SPinA )- BF (k+-) COsAF (cj~y+q4~cosJ,)

(0C'4)F=-L[q ,9. Y+5 nF]iA + (q9.r+cjqcOC5Jt-)COSAF

q1 ( ) 5j nlA-. + q,'csp~~j

(h c/)s and(V-d-/4 , remain as before,

Lir+ B A, L

±q2[-5!Pa.>cosAtF Mih + B3O. LJ1c

i hq+ 9 0 (Yo s, 5 i nJIP)Mh F('/.tE2)ccsMF "lh4 8c fr1~]
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8 ywill remain as before0 &PVVh and S W~wiii remain as before except for the
additional terms due to the lift and moment on the fin produced by the q4 degree
of freedom.

For SWVhthe extra terms are:

LFcosJIF LFcosILF

Qh=i!= f h 064)F Ct%+ in~jt (~~~)d, x

00.A

±sinj2 [B, h(0)(YI+ SFS'nAF)MhBhRaco! ~S)Lý+)csAF Mh-

LFCosJIF

=+ q~r f {4 h

±~ ~~ (1-' ~#)si~~ [Mx cc] )o5A. Md
LFCO5Jt LCO.A

4LF FOSJF

= qi1~ez f3, L. 0 (fiýa)(YR+SF s5 nJF)COSnA Lb

+5~(i~s~F~h F~~P)c5A LMj

1+4-0 'hL[B jn,[,,'( C(R5FiALfX

+ ~ ~~z 60rp c1cx o,9 !A
LF týF ~

= q.VCWC cosAFIJ -- (Y'I CLF + C05A)[ y (Yto. L V4

94-1r- (A) )B''A YO~ (J,,+)(a)F iLkAFf}5AF

0~

+~l BTR K d (291b)



The virt~ual work in the q degree of freedom can be expressed as:

5 O=S.[ Y S in~ , '2+O)O5!F (dX)F C7( (20)
0LF C05AF

Substituting the lift and moment expressions and combining terms:

IfLFCOS4r
QO- 4-qyewzj'q (Baho(.YRt +F SifAF) Lh

+ Brho [Mk-(kL+)C05!hFLh]

+ 5,+O (j$L).SinAF jjd (21)

1- c~re~osA f c LosQAALh

+ eIf [f-(AP+a)M h (k4-.o)cos5%jt, L - (- ttz.) L41 &,X
LF COSJLF

÷cw7rew',{ f5 z 0P-(Y,,+ 5,5 jFf L,

± 3'(Y + s~sliflJLF)[(LOC + NMh) -2 (-,,+ a)cGO 5[F L]

+ B o(-'+a,)Co5!AF (L,+PMh)+(p .)Zcos!A.FL] ctX
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(d) Fuselage Torsion

Considering finally the fuselage torsion degree of' freedom and ignoring the
stabilizer rocking degree of ;tr~edom since none of the analyses involved simul-
taneously stabilizer rocking and fuselage torsion:

Bending deflection at P,= q~h +q,.h(YX+5,S~ iflIF) +qse(Xi4-5F.sAcOJF)

Tors ional def le ction at PF q~+9 4 0ost C0A - qese nA~tF (22 a-d)

Vertical deflection at P. , (= )c~sAs co~st.. -9 Y Asccs.

Torsional deflection at P'±Lill-~f~- -q1  h)Lc o s A~FSi As

- q5ein.A,

(h)= 9,h +q, (YR+ 5,5 inAF) .eqIO(Xg+ FCos.AF)

(CC')F~ -s -~[q, h+ q+ (I+S np s X SCS ]+ itA

+ q±,YcosAl, + q,0cos2AF -q~e siflAFcosAtF

q,()InFj Fc~YcS +cJ.0 (23 a-d)

(hc4),= cq.(#sF)Lcos~AF~s m -5 OSt q, rL.s nA.JFss co5A . + 9s.G S. cosAS

.,, B5 xt)cosjL, tlqs &1l,r.S F/&is .(~LcosAar sjip~A

-9.e siA,]

(ofK)5  0
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The lift andi moment expressions become:

A+" -tq,[B -e (X~,~csL + B(o.e 3I~t COSILFA LL.J

k ah4 A~~) inrkF F F

q,,[15' cosAJt LMc (a)h3

mAr)'l (By FM0 -(k)cos!AvIA4Jl

-q, [B, P(X+s5FcoS'AF) Lh t B,'O ) ntpO~FMJ

(+)~ew{~ qsB 8(X+'CSAF +) Lcs F(B'Al)s s Lh AC5A

-~zQ~ -B4/A (Binrt Lh

+q2.[B ~4e (5A) Lb),Al

(qS[ O9wL{+1 5()cosAF(1)s M N (~ae rAh oA

N4.,t, (Br) to

fdMC/' =7e-q Be (BiyA M11 f~ M
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Substituttng the~ ;I4ft arnd laoment, expressions into the virtual work equations
and rearranging., the following additional terms are obtained by virtue of the
q5 degree of freedom:

For 8M4,the extra terms are:

Qh 9=qg~rrew2f[8 he (X,+ scosA)Lh+ B;(Pz+a)he5sI",JtcosALh

+ 5,s-()O (XR± +Sp Cos.AF) 5 in AF M4

+B'(4+aX7-,)( 9si)e co.sAp ld

-Ls coslgs

For SWr the extra terms are:

Scqa s~~~ ff~ (4+aie(X"-i-sFcos.AF)'co5AF Lh

~B~%+t)Z SflJF cos L + 5(4SFco-sA) ycosAt Mh

+ B13(A',.6)esin-At~'CoS'JF Mhl d%

Bs rl in Fe(B %,)L, L d c} (25 a-c)

£L SCOSA SF~Y
For S W4 the extra terms are:

Cf LFCOSA-F
= q5[BP- (XI+ SFcosAF)0(yK+SFs iIo1F) Lh

+-13 "(/+a.)& (Rs iAF0cosA) CSFL

W5 ( (XI+ 2 S F pCos5AFo Lo!A L

+ BF3 Oe (XR + scosAF) Mh

F 5(+.)eSfJFCOS A,r M,] d'X}
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The virtuial workc in the qdegree of' freedom can be expressed as:

S 9.=q5 (J [(XR+.Slco3kF) + BF +~ 0ic.)5 inA cos.A j(CL"

(,C05 s (ct ) L tX (26)

Substituting the lift expressions and combining term:

o rel 5F3 (f~tQ9~ 9r1fq L JOF[B'G(Xscos.A, )Lh+ SV) inA~tF(XR+S5,o5JL.) L,

±BF(6+ajhe sm'nIl cosA, Lh+ BF'ý,+ aX s-)e.5inc 5AF LJd

+fl3,-('L)LcosAFecs~p)j Lbdqr *

- L5cosAj.

LzICOSAF

(L SC O~.U. L F

+ 7~Wc~ f L e(4SAFCSA)(Y+ sht)L
0

+ , eOs(XRi-5FCOSL, )[L.,~ - (k',+a.)cos~j.F Lb] (27)

+ B BOL~+s4si nA4)(!ý4a,)s i vL.AFCOSAFJ ph

+ Bý e t (I f a) s i n4 c o sAF Lw - (4z + a) c as4 Lg 6
,LFCOSAr

+erw cjqff[e, ea (ý+ Sco5Af)~ Lh

+2 2B (k+oa) 0'(XIS,, sCos5AF)Sin.A.F C OSAF Lh

F-B" (kz+a)le' s iflMF costAF L~jdL-

±f .~ ez (B'X~yr, Lh d4 1X
LscosA s
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3, o ec1hanical Parts:

The maximum kinetic energy of the system can be expressed in parts in
the following manner:

(a) Fuselage

T1U3 To Y2 e - (20)

(b) Fin
Since the normal velocity of any point on the fin

=hq, +- r, yq, .e-(YR+s,.5inIFte-r cosAp)9ý+÷o(XK+s~cosJCF-risinAF)ýIS (29)

L Ykf LF [hq,+r +P (YRsFsifAF+r~cos5-AYj
4S6F(30)

-i-e(XIR+SFcosA,--r,.5in A,)q 5 ]odIdsF

Where ( = mass per unit area

(c) Stabilizer

Yawing angular velocity = (?i)LsinA , + Y'Lcos5AF• + 5 9.

Rolling angular velocity = (tsP)LcOS.Flf--• It1F- $ + + e (.31 c)

Translational velocity -m hLq, + k~,] F c5A~

+WS ( +r-),•, + 5X6 135

WADE TR 52-162 135



ZTS w3 [()s inAtc + Y, C05A, j,,+ 0 4 ]

[(32)

4 N1 [h,.j, + (~Lsn~cI+ rco5AF rý, +I (Yt+r) ~

The total kinetic energy is

T-= Tu. + F + Ts (33)

The mass and inertia terms are obtained from -k
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4 , Determinant Elements

By expanding the expression for the total kinetic energy and applying
the Lagrange eqiation to the energy expressions the determinant elements
below are obtained.

It should be noted that the following substitutions have been made:

Xy = r,5 AT IA fr.

T =( )cosh, m =f 'ra r,

46F

- ',cosA.,. 5Ys M, r

S-(S4-1s- )n(I A y g y) ±+ M, r'

+ i 9LI 3X I + M, (Yt 0

rSY=I R+ý MS (

Integrating along ds and multiplying bycos A. is in effect integrating
along dX

Thus

Lcos.AI

CO d = co.sAff (s)cs
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IMTERWINANT

Fin Bending (h) vs. Fin Torsion (vs) VS Stabilizer

Rocking (-)V) vs. Fuselage Side Bending (0)

vs. Fuselage Torsion (e)

hD D12 D13 D14 D15

rD DDDD21 D22' D23 • 24 D25

SD3 1  D32 D3 3  D3 4 "35

0D4 D4 D4 D44P4

D51 152 D53 D4 D5

1 - h - Fin Bending

2 - - Fin Torsion

3 -K- Stabilizer Rocking

4 - 0 - Fuselage Side Bending

5 - &- Fuselage Torsion
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DETEIVIINANT ELEMENTSt

D (, 1p)afdhSF+ rY-qt+ IRz2+Ms h? +?-sarhI14.l]

+ 'rreC-osAFf[B'ý LhZ+ B'bdi'simA,~ (L,,+M)+BFSi~y~cs

+ Zire roaA., -r,?f 5 1(B Ix), L 6ds,

LF

+1 4  [mhrYRwOh"ssinA +M -17 + Lt)AF4d

LF3

+ ire cos-AJL {BF h#(YR+SFSihAF)Lh + B51 9{L.C(k2+aL)cos!AFL~J

+Bg~hlo(YR1+.SF inAF) sin.AF Mh

FBM K HQ~~ra ,h]Jd5F
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DETEJIKINANT ELMEMT (cont 'd.~)

D1 f[mheXzRnhOS'~Frs-F ShsiA

+IrEcosA [B' h e (XRI + 1F co6J,)Lh + B, e'za.sncs~

+ B,~F~e (XR + 5FcosAF)sinAFMh

tB~ Ji'o (!/+a~)sin2A cosAF W1hjdSF

+ Gr osA, TpfoB,(%~) Lh ds,

Dal (yht2. 2 FT + 2 3 4Y7Y Z IyZ Tr r + 5VR hL2]

+Z-rcos'A 5 2f 82.tM (Bt' a)~ L h E drs inA~m
0

-2 -rrC0A.4r T B 2cs2-3~B (B LLi

WAUCTR ~~1621.h



DEPTEIIINANT EL~EMM1 (cont rd.)

Da4  F =Js Y+ yYFifa~drrpco-AF~ + g[t + 5~ (Y~t~Il[5rYO 1 L +~ SY rI-SSFS4 +Ia F)[b-(~±a)Lh]

+ -irecos~A-f fB5:YO(XR+S5iCO5.)[Mh- (ý- + a) Lh]

- 2f).~ -rcoA (4+)C0,2A JB' Lh r

D32 rr -i + -2.'i re , cs 1 . r7 j5A F -I (Br)si Lh d .Ss- =~~r 5 e jj

LLs

+3 (I1).3) 'Rf [13;x21eXscos3~~Af & ) ~c

D3 4 = 0

-AOTR T2-16 +21r4co-1ATThf? L s



DETEM~NANT EL~MEO1 (conttd.)

D LfLF [mh1YR4.m~sj~sinA, +5yhocosILP]dsF

+ + ", Y, 01-qh+ M, 0 (Yt+r) h I

+WFreOSAF f5F h~ 0 Y ~iA)hB~oK(zac? Lh]

+133 g (Yg+s~siflA)SAFo

+BhfisiflAF v1&+a)c os-A- La]}c s

D4= [.YR+ 5y pssinAF+Ir Y9Scos~t-F dsF

+ [Iy,,,,+ 5a, (Y+ tr) ]'f4,

+ ?r e o-sAFf LBF [1: (YK + SF 5,flmtF)LO - o'±ý) L h]

Dý3 = 0 =DE34
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DETEJMANANT ELEMMMT (cont'd.)

D,$4.= (1-fl* 4)(orns',inX,tF+2w& YR5,siflAtp+2 5yo2 YpCoAF

+ sqDsF s'n-1 F co~sILF]dSF + +'o',, Y 2 M~F

+ 0 +I1.,,, + irecosArf 0 ft0(R5FiA)L

+ BF'(j +SFsinAF) [(Mh + L.~) -ZNZ k+a)COSAF L h

+ B t ~[m c- 62 +&)Co5!trj(Mi,+ L.c) (Y.a)co5ULh1])dsF-

D4,5= 1 LrnSFe (YR-o-3AF +XRSiflAF) +± i m s1  MA GSofl AFC.S

+ 5,r 0e (XltcosA F _Y S iflAt) + 5,v ~sFe (Gas &tF - 3inA)] CtSF

+ #YR. M + 0(4+r)eX* Mr.~ - Oe~inACOAF co F

+ 7r c. oS, jLpf 8;~e (XR+ S~.cos.A,) 0 (YR + Sr-sini,) Lb

+ BF30(Yf5F-s in A,) e (kzra)5inAF cosA/1 Lb

s, c- oSF OAF:) , -(Vz + a.) c o sZA-FLh]

t- 5oe (Y,.o)siniAtFCo5AF [Mh- (kt±a.)COSU.F Lhj} C{SF
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DETERMINANT ELEMENTS (cont'd.)

LoL
+~-5 +~eo~~ JX~ +(~) Lbo ds5 ý,G

0LL

-9 're~os AFJ ( rp-e(xR cosAF)L~-(--~L
+BR*(5&)i~FcosF)Lh+; h (ý2+)LJicAFo5.L

LL

we+As, 13,2~c~t-~srt) 5-s~ (13o%,A)2 sinCA)] d

+5= LF OXMF + 52,reX MX, i&snAcs~

+ Iryeo +SYSJ~ LFe(r SAFCOrsiAF)~d(Y-I-.,sine)Lh

JBo F (XR,+SrcosA,)[L.(- (1'2.+a)c~L hl

FBYe(Pci&)si)JtFcosILF[L.- (/Žz+a)cosM Lg(SF

WADC T ~2=1L



DETERMIINANT ELlAENTS (doitvd.)

D55 F (i-fl5 ) + +2mQXS Me' 2 .~ Xs F

-2 5jrea5, SinFO F dSF + IeY eG"+ e2XR MF1+Q2.S inAF I

+ '51 ~ 0AF [F e'(XK+ SF C3..r 2 L

-I- Z56'e(X.,+ s .5A)~finA~co~sAF Lh

PB~e' z(+ ar)5i vmzAco5Ag.F LhILL5F

+ Z~rcosk 4f 5s(t~jY Lkcdss
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